Three different LED lamps with continuous spectra were compared against commonly used fluorescent lights. The lamps were characterized by light output, energy consumption and spectral quality for plant growth. The biological effects of light quality were compared by pre-cultivating seedlings of Picea abies (L.) Karst. and Pinus sylvestris L. under each spectrum for 35 days in a growth chamber with controlled temperature, humidity and photoperiod. The seedlings were then transplanted and cultivated for one vegetation period at the nursery, then planted outdoors on a forest field trial and followed for three years. The seedlings showed similar growth performance for all spectra tested. LED lamps have several advantages to fluorescent light such as energy consumption, longer life span and adjustable light intensity. Regarding light intensity the effects on growth performance were studied for both species using the most promising LED spectra. 
Introduction
Seedling production is an important part of commercial forestry in regard to reforestation. In Sweden, 375 million forest seedlings were produced during 2017 (Swedish Forest Agency 2018) . In order to make seedling cultivation more efficient both regarding technologies and costs, forest companies and research institutes are looking for new ideas for improvements (Nilsson et al. 2010; Landis et al. 2013) . Often, these solutions come from observing other similar fields as horticultural plant growth.
Such is the case regarding the introduction of light emitting diode (LED) lamps. Once restricted to experiments in laboratories (Bula et al. 1994 ) and space research (Barta et al. 1992) , the use of LED lamps as light source for horticultural plant growth has rapidly increased since the 1990s and is one of the fastest growing areas of new greenhouse technology (Mitchell et al. 2012; Nelson and Bugbee 2014) . The LED technology has several advantages such as potential reduction in energy consumption, longer lifetime, lower radiative heat emission, high energy-conversion efficiency, adjustable light intensity, and customizable spectra (Massa et al. 2008; Morrow 2008; Craver and Lopez 2016) .
Although the use of LED lamps in horticulture is rapidly establishing as an effective and reliable practice (Mitchell et al. 2015) , there are still relatively few studies conducted on tree species. Some of these studies involve broadleaves such as beech, holm oak, wild cherry (Astolfi et al. 2012) , common dogwood (Bantis and Radoglou 2017) and conifers such as Douglas fir, Engelmann spruce (Apostol et al. 2015b ), Bulgarian fir, Scots pine and Norway spruce (Mølmann et al. 2006; Mattsson et al. 2010; Riikonen et al. 2016; Smirnakou et al. 2017) . However, these studies have been conducted under a fixed PAR intensity of approximately 100-300 μmol m −2 s −1 for the entire seedling cultivation. Additional studies regarding cultivation of tree species under both different LED light quality and intensity are therefore of importance in adapting the LED technology to forest plant production. This study included two forest species Picea abies (L.) Karst. (Norway spruce) and Pinus sylvestris L. (Scots pine). The objective was to study growth performance when precultivating under different light qualities using various LED light spectra with a fluorescent light spectrum as control. The evaluation of a suitable spectra regarding light quality also included a field trial where plant establishment was studied for a period of three years. The results showed similar growth performance for all spectra tested. Since, as mentioned, LED lamps have many advantages compared to fluorescent light, the second part of this study addressing the impact of different light intensities and subsequent effect on energy consumption was conducted using the most promising LED spectra identified in the evaluation of light quality.
Materials and methods

Light sources
The LED grow lamps used for this study have continuous spectra within the region of photosynthetic active radiation (PAR) corresponding to 400-700 nm but also had radiation in the far-red region (700-750 nm). The LED spectra were designed and specifically tailored for plant growth (Valoya OY; Helsinki, Finland) . Technical specifications and spectral characteristics are shown in Figure 1 .
When studying the effect of light quality on the biological responses, fluorescent growth lamps (Fluora; OSRAM Licht AG; Munich, Germany) were used as control and set at a distance that provided the same intensity level as the LED counterparts. The reason for choosing fluorescent lamps as control is because they have been used for many years for supplementary lighting in greenhouses and nurseries (Landis et al. 1992 ) and also as sole-source lighting in growth chambers (Sager et al. 1997; Kvaalen and Appelgren 1999) .
Spectral measurements
To assess the luminaires' light output, tests were made in a dark room with black clothes covering all walls and surfaces to reduce reflection. The luminaires were placed 25 cm directly above the quantum sensor of a JAZ spectroradiometer (Ocean Optics, USA) and a spectral curve with the photon flux density (PFD) in μmol m −2 s −1 from 300 to 900 nm was obtained. The spectral and electrical characteristics were measured and averaged from two lamps of each type. The averaged spectral curve was normalized and the values divided into intervals of 100 nm. Since these lamps are intended for plant growth, some of the most relevant values for this purpose were calculated and displayed similarly to how it was suggested by Both et al. (2017) . One of these values is the photosynthetic photon flux density (PPFD) measured in μmol m −2 s −1 under the PAR region (400-700 nm). This value was then multiplied by the length of the photoperiod to calculate the Daily Light Integral (DLI), measured in mol m
, which was then compared to the minimum daily light integrals recommended for various types of crops (Faust 2003) .
Since not every photon in the PAR region has the same photosynthetic efficacy (McCree 1973) , the yield photon flux (YPF) was calculated using the relative quantum efficiency (RQE) values presented by Sager et al. (1997) .
Together with the amount of PAR, it is also important to measure the radiation that affects photomorphogenesis (Holmes and Smith 1975; Smith 1982; Sager et al. 1988) . Although several studies have used different bandwidths for calculating the red to far-red (R/FR) ratio, this study used a band of ±20 nm around the peak wavelengths for red light (centered at 660 nm) and far-red light (centered at 730 nm) as suggested by Both et al. (2017) . The Phytochrome Photostationary State (PSS) was calculated using the relative irradiance at each wavelength and the relative absorption of each form of phytochrome using the formula and table from Sager et al. (1997) .
The effect on the cryptochrome was measured using the blue to green ratio (B/G) ratio, calculated as defined by Sellaro et al. (2010) with blue light as the integral between 420 and 490 nm and green light as the integral between 500 and 570 nm.
Electrical measurements
The fluorescent lamp used in this study consisted of a glass tube filled with mercury vapor with the walls coated with phosphors. For proper functioning, fluorescent lamps require a ballast which acts as a transformer providing and regulating the required voltage. The ballast can additionally require between 10% and 25% of the nominal power of the lamp (Sager et al. 1997 ). In the results, the measured power is reported together with the nominal power of the fluorescent lamp to identify the effect of the ballast.
The LED lamps used in this study are divided into two components: the power supply unit (PSU) and the luminaire itself. The power supply includes an AC/DC converter that has an input of 110-277 Vac and a maximum current draw of 2 A. The luminaire part receives DC voltage as input from the power supply, which can range from 135 Vdc to 425 Vdc and a direct current draw of 0.034-0.345 A per lamp. The electrical current passing through the LEDs determines the emitted light (Bourget 2008) . Depending on the PSU used, there will be some energy losses from the conversion from AC to DC. Similarly, as with the fluorescent lamps, the measured power before the PSU (AC) and after (DC) are both reported to account for the energy losses of the conversion.
In this study, the light output of the LED lamps was regulated using an Amplitude Modulation (AM) dimmer that varied the current flow through the LEDs and thus the output of photons. The relationship between electrical current input and light intensity output (luminous flux) can be considered almost linear over the usable range of the LED lights (Held 2009 ). In order to check for the linearity of the light output with respect to the energy input, the direct current was regulated from a maximum of 0.345 A to the minimum of 0.034 A in 10 equidistant steps for each lamp tested (two of each spectra). The current was measured using a Fluke 45 True RMS multi meter (Fluke Corporation; Everett, WA, USA). The voltage was measured using an EX520 industrial multimeter (Extech Instruments Corporation; Nashua, NH, USA). In order to assess a possible "spectral slide" or slight change in the spectrum of the light (Larimore 2010) , the spectral distribution was measured at each dimming step as explained before (see Figure 2 ).
Plant material
The provenance of the seeds of Norway spruce (Picea abies (L.) Karst) was Vitebsk, Belarus (lat. 55.2°; long. 30.2°) with a germination energy of 96.5% quantified after 7 days and a germination rate of 99.0% after 21 days. The Scots pine (Pinus sylvestris L.) seeds came from an orchard in Gotthardsberg, Sweden (lat. 58.4°; long. 16.6°) with a germination energy and germination rate of 99.8%. The germination rate measures the viability of the seeds and their ability to form normal plants within the typical period whereas the germination energy characterizes the vigor of the seeds and the simultaneity of sprouting under optimal conditions (Bradbeer 1988 ).
Light quality treatments
In order to compare the spectral effects of light quality produced by the different fixtures on the seedling development, two trays of mini-plug containers for each species and light treatment (Fluorescent, LED 1, LED 2, LED 3) were sown. The characteristics of the light treatments can be seen in Figure 1 . The trays were set under the different luminaires in the growth chamber as described in the section of "Pre-cultivation". The PAR intensity in all cases was kept constant at 100 μmol m −2 s −1 at substrate level, which was measured and adjusted at the beginning and confirmed at the end of the pre-cultivation period. The pre-cultivation was done for five weeks in a controlled environment growth chamber. During the germination phase, corresponding roughly to the first week, the conditions were set to an air temperature of 20°C, air relative humidity (RH) of 80 ± 10%, and 16 h photoperiod at a light intensity of 100 μmol m −2 s −1 at substrate level. The light intensity was adjusted at the beginning of each growth cycle to assure a maximum variation of ±10 μmol m −2 s −1 over the entire growing area. For the growth phase following germination, the RH was lowered to 60 ± 10% and maintained for 4 weeks. The irrigation of the growing substrate was done by flooding (watering to saturation) the shelves on which the trays were positioned twice a week. The trays in each shelf were rotated one position clockwise at the time of irrigation to ensure that they all had equal growing conditions.
Pre-cultivation
Morphological measurements
After the pre-cultivation period of 35 days, 25 seedlings per treatment per species were randomly selected and measured to assess their characteristics. In selecting the seedlings, the last three rows along each boundary were omitted to avoid edge effects. The morphological characteristics measured were shoot height and stem diameter, as well as shoot dry weight and root dry weight. The samples were dried in an oven for 24 h at 100°C and then placed in a desiccator another 24 h before weighing by subgroups of five seedlings per observation per treatment (n = 5).
Root growth capacity (RGC)
After pre-cultivation and previous to the field trial, an RGC test was carried out following the methodology and using the equipment described by Mattsson (1986) . From each treatment and species, five sets of five seedlings were randomly selected and were transplanted into mini-plug containers of equal size and placed in stainless steel trays filled 1:1 with sand and peat. In order to control the substrate temperature, the stainless-steel trays were placed in a water bath kept at 20 ± 1°C. The seedlings were grown in the RGC-bath during a period of 21 days with an air temperature of 20 ± 1°C, relative humidity at 60 ± 5% and a photoperiod of 16 h and a PPFD of approximately 325 μmol m −2 s −1
. After 21 days, the miniplugs with the seedlings were carefully taken out of the stainless-steel trays and all the newly formed roots outside the mini-plug were cut, cleaned and dried to obtain the new root growth as dry weight.
Field trial
For the field trial, pre-cultivated seedlings from the second sowing were transplanted into multi-pot containers (Hiko V93, BCC AB; Landskrona, Sweden) of bigger dimensions ) filled with peat substrate (Närkes miljöproduktion AB, Sweden). Pre-cultivated seedlings from the second sowing were used since these were the only seedlings that could be transplanted in June for further growth outdoor. That is within the transplanting window (June-July) due to climatic conditions at the nursery. As a result of the Swedish climate, the vegetation period is rather short and subsequently the transplanting window is narrow. A quality control regarding the level of RGC for each treatment was also made before transplanting (see section "Root Growth Capacity").
The transplanted seedlings were placed outside in the nursery on pallets elevated above the ground at the Forest ). Fertilization was done manually twice a week using a complete mineral nutrient solution (Wallco, Sweden) dissolved in water. The weekly nitrogen supply was 3 g m −2 over the growing area of approximately 2.5 m 2 (two pallets) until the end of the vegetation period on the third week of September 2013.
After outdoor cultivation in the nursery, 15 seedlings of each treatment and species were randomly selected for the field trial in the forest. The selected seedlings were divided into five subgroups of three seedlings each. These subgroups were then randomly planted on a clear cut area in the autumn of 2013. The location represented average soil and climate conditions for a planting site in mid-Sweden (lat. 60.56°; long. 15.48°). The seedlings were measured during three vegetation periods in the field (26th September 2014, 3rd October 2015 and 5th October 2016) measuring their stem height and diameter at the end of each vegetation period to evaluate how seedlings pre-cultivated under different light treatments will establish under field conditions.
Light intensity treatments
To further develop the concept of pre-cultivation of forest seedlings under LED lamps, the light intensity (as a complement to light quality) was added in this study, taking advantage of the LED's dimming possibilities. Finding a suitable intensity could save energy and avoid possible light stress caused by too low or high light intensities.
Light intensity refers to the total amount of light that plant receives. In contrast to light quality, description of the intensity of light does not consider wavelength or color. Light intensity is often measured by the unit lux (lx) which merely is based on visual sensitivity and do not provide information on the energy of the photon content. A better unit of light intensity for studies involving plant responses is µmol m
. This unit describes the number of photons of light within the photosynthetic waveband (400-700 nm) that an area of 1 m 2 receives per second. In this study, one promising LED spectrum (LED 3) was chosen based on the growth performance of the light quality test. Similar to the light quality experiment, the light intensity test consisted of three separate sowings (20th January, 26th February and 13th April 2015) with two trays of mini-plug containers (QP D 576 QuickPot®) for each species and each light intensity. Then the trays were placed under the different light intensities in the growth chamber using the same pre-cultivation procedure as for the light quality experiment.
Based on previous studies, an interval of light intensities between 50 and 400 μmol m −2 s −1 was chosen for this study. Using analog dimmers, the light intensity in each treatment was adjusted to the double the previous level starting at 50, then 100, 200, and finally 400 μmol m −2 s −1 , with a maximum intensity variation of ±10 μmol m −2 s −1 over the entire growing area. The light intensities were adjusted at substrate level before the sowing and measured again for control at the end of the growing period using a JAZ spectroradiometer (Ocean Optics, USA) placed 25 cm directly underneath the lamps. After the pre-cultivation period of each sowing, seedlings were randomly selected for analysis, omitting the three outer rows at each boundary to avoid edge effects. For the morphological measurements, 25 seedlings per treatment and species were randomly selected and their shoot height and stem diameter, as well as shoot dry weight and root dry weight, were measured individually. In addition, five sets of three seedlings (total of 15 per treatment and per species) from the second sowing were used for the RGC test using the same procedure as previously described. Another 10 seedlings per species and treatment were randomly sampled for measuring chlorophyll fluorescence and three more seedlings for determining Photosynthetic light-response curves using a gas exchange system.
Chlorophyll fluorescence measurements
Measuring chlorophyll fluorescence has become a widespread technique thanks to modern and user-friendly devices that allow scientist a better understanding of the photochemical reactions in plants (Genty et al. 1989; Maxwell and Johnson 2000) . Although the main application of this technique is research, some examples of its use in practical forestry have shown its benefits for evaluating plant stress (Mohammed et al. 1995; L'Hirondelle et al. 2007) .
During the light intensity experiment, the maximum quantum yield of the Photo System II (PSII) (F v /F m ) was measured using a portable Chlorophyll Fluorometer FMS 2 (Hansatech Instruments, UK). The procedure used was performed according to Murchie and Lawson (2013) . The selected seedlings were placed in a room without lights during at least one hour for dark adaption. Each seedling was individually placed under the measuring light to obtain the minimal level of fluorescence F 0 from the top needles. Then without moving the seedling, a saturating flash of light was applied to measure the maximum level of fluorescence in the dark-adapted state F m . The chlorophyll fluorometer then automatically calculated the maximum quantum yield as (Genty et al. 1989 ).
Photosynthetic light-response curves
After the light intensity experiment, the response of the seedlings to different photosynthetic photon flux density (PPFD) was measured using the portable, open gas exchange system CIRAS-3 (PP-Systems, USA) equipped with the PLC3 Conifer Leaf Cuvette (Part No. CRS302) and a LED Light Unit (Part No. CRS305) mounted on the leaf chamber to supply the light. The LED Light Unit was set to provide a spectrum similar to that of the LED 3 lamp by adjusting its channels to 17% blue, 18% green, 50% red and 15% white light. The gas exchange system was programmed to automatically provide PPFD, from high to low, of 1500, 800, 500, 300, 150, 100, 60, 40, 20, and 0 μmol m −2 s −1 as suggested in the literature (Dang 2013) . Based on previous trials, each PPFD level was maintained for at least 5 min to allow the seedling to acclimate and the photosynthetic response was recorded until the assimilation level had stabilized. The carbon dioxide (CO 2 ) concentration in the cuvette was set to 390 μmol mol
, chamber temperature to 20°C, air flow to 300 mol s −1 , and relative humidity to 60%. After the gas exchange measurement, each seedling was dried in an oven at 100°C for 24 h and then placed in a desiccator another 24 h before measuring the shoot dry weight. The amount of captured light in conifers is proportional to the shoot geometry which adapts according to amount of light in which it developed (Stenberg et al. 1999) . So-called sun shoots (those grown under high light intensities) have more needles per area with more uniform orientation around the shoot while the "shade shoots" (grown under low light intensities) have less needles, mainly at the sides giving the shoot a "flat" appearance (Stenberg et al. 2001) . Since the entire upper part of the seedling (stem and needles) was introduced in the cuvette for the gas exchange measurements, it was decided not to express the CO 2 assimilation as a function of the projected needle area and instead express it in terms of CO 2 assimilation on a dry mass basis (µmol CO 2 ·kg −1 s −1 ) following the example of Mitchell et al. (1999) . Mass-based gas exchange rates have been found to have a more consistent relationship with the relative growth rate and are thus more relevant for measuring plant status (Reich et al. 1992; Walters et al. 1993; .
Electrical input to light output comparison
As a final assessment of the lamps, the electrical input was compared to the light output of the respective intensity. The assessment was done for both fluorescent and LED lamps using the procedures described in the section "Electrical measurements" and "Spectral measurements". The data was calculated as instantaneous input power vs. PPFD and as the equivalent accumulated values of energy vs. Daily Light Integral (DLI) considering a 35 days cultivation period with 16 h of light per day.
Data analysis
For both light quality and light intensity measurements, no true replicates of the light treatments were introduced as only one set of luminaries was used. This was due to space restrictions in the growth chamber available and financial limitations involved in studying several different types of lamps based on true replicates. This situation is shared with many research organizations when using expensive or rare equipment and it has been mentioned in several papers published in scientific journals with peer review. The specific problematic in the case of growth chambers and greenhouses has been further discussed for example by Lee and Rawlings (1982) , Potvin and Tardif (1988) and Bernier-Cardou and Bigras (2001) . In order to address the lack of true biological replicates and test the repeatability of the results, the experiments were performed three times at the same environmental conditions in the growth chamber with three independent sowings.
Since the LED lamps tested were prototypes, it was not possible to have true technical replicates. Instead, two LED lamps of each type were measured to create a mean spectral and electrical profile. All the biological experiments were done with the same set of lamps and the lamps profiles are fully reported in this study in order to facilitate comparisons with other equipment.
Analyses were performed using the software R-version 3.5.1 (R Core Team 2018) using a randomized complete block design with subsampling, and regarding the three sowings as "blocks in time", with each light treatment present exactly once per block. The individual seedlings, considered as observational units, were used to estimate the sampling error.
The repetitions in time were used to account for climatic variations and fluctuations in the chamber control following the example of Poel and Runkle (2017) and using the methodology explained by Casler (2015) and Schwarz (2018) . The results are graphically presented as individual data points with descriptive statistics as suggested by Vaux et al. (2012) using the R package ggplot2 (Wickham 2009 ).
Results
The electrical measurements of the lamps show different losses for the different technologies. The ballast of the fluorescent lamps resulted in 17% (7.3W) losses while the AC/DC conversion of the PSU in the LED lamps resulted in losses of approximately 11% (between 8.3 and 9W).
When diming the LED lamps at minimum (0,034 A), medium (0,180 A) and maximum intensity (0,340 A) the relative contributions of the various wavebands showed no major spectral shift for any of the lamps (see Figure 2) . Only LED 1 showed a small variation in the short wavelength range (2%). With this property it is possible to regulate the light intensity using an AM dimmer while keeping a constant distance to the plants, maintaining the same spectra and optimizing the space used for growth.
Light quality
Growth chamber experiments
The results for both shoot height and stem diameter after 5 weeks of pre-cutlivation show no significant differences among the light treatments. There was a trend for taller seedlings with thicker stems for Scots pine compared to Norway spruce (Figure 3) .
The results show that seedlings pre-cultivated under LED light had higher shoot dry weight compared to seedlings grown under fluorescent light. This was true for both Norway spruce and Scots pine seedlings. Differences between the LED treatments were small but with a trend to better development for seedlings cultivated under LED 2 and 3 compared to LED 1. Regarding root dry weight the results were the same for Scots pine while no significant differences for Norway spruce were found regardless of light treatment. Still, there was a trend for higher root dry weight for the LED lights compared to the fluorescent light. Between species, there was a trend against better shoot and root dry weight development for Scots pine seedlings compared to Norway spruce (Figure 4) . The RGC test results are shown in Figure 5 for pre-cultivated seedlings grown under different light treatments. RGC was only tested during the second sowing (see "Materials and methods") as a quality index since these seedlings were transplanted to a larger container for subsequent field planting. The differences in RGC values were small among the light treatments. For all Scots pine treatments, RGC values were higher compared to the Norway spruce treatments (Figure 5) .
The values of the second sowing for root dry weight after pre-cultivation were compared with the subsequent RGC values. Figure 6 shows that the root dry weight for both Norway spruce and Scots pine follow the same trend as the values of the RGC for all light treatments, which is validated by the correlation values shown.
Field trial
The results from the field trial show that seedlings pre-cultivated under LED lamps had equal growth performance compared to the control seedlings pre-cultivated under fluorescent light. This was true for both Norway spruce and Scots pine seedlings comparing the shoot height and stem diameter. Between species, there was a trend for better field growth measured as both shoot height and stem diameter for Scots pine seedlings compared to Norway spruce (see Figure 7) . The results include means, presented by bars, for the 5 subsets of 3 seedlings for each light treatment that were measured at the end of the three vegetation periods in the field (26th September 2014, 3rd October 2015 and 5th October 2016).
Light intensity
The results regarding light quality showed that pre-cultivation under LED light gave equal or better development compared to fluorescent light. When comparing the development between the respective LED treatments there was a tendency for a better development when pre-cultivating under the LED 3 spectrum, at least for Scots pine seedlings.
Based on these results LED 3 was chosen to examine how different LED light intensities will affect growth performance during pre-cultivation of Norway spruce and Scots pine seedlings. The results show that shoot elongation increases with lower light intensity while no significant differences were found for stem diameter (Figure 8 ).
Similar to shoot dry weight, higher PAR intensities promoted an increase in dry weight of the root system for Scots pine seedlings. For Norway spruce the differences in root dry weight were not significant. A change in color was also observed where needles of Norway spruce and Scots pine seedlings grown under the highest light intensity of 400 μmol m −2 s −1 had a more yellowish color compared to seedlings grown under the other intensities ( Figure 9 ). RGC was only determined for the second sowing (see "Materials and methods"). The differences in RGC values for PAR intensities between 100 and 400 μmol m −2 s −1 were small among the treatments both for Norway spruce and Scots pine seedlings. For the PAR intensity of 50 μmol m −2 s −1 the trend for both species were the same with low RGC values compared to the other treatments ( Figure 10 ). Similar to the light quality study, the root dry weight after pre-cultivation reflected the values of RGC for the different PAR intensities, which was also validated by the correlation values shown (Figure 11 ).
Chlorophyll fluorescence measurements showed a lower quantum yield of PSII for seedlings that had been cultivated under higher light intensities, independently of the species. For Norway spruce a statistically significant decrease was observed in seedlings cultivated at PAR intensities of 200 and 400 μmol m −2 s −1
. A similar decrease was only observed in Scots pine seedlings cultivated at a PAR intensity of 400 μmol m −2 s −1
. Also, it was observed that lower PAR intensities promoted greener needles. For this result nutrient levels could also have had an effect (Figure 12 ).
The CO 2 assimilation rates for Norway spruce and Scots pine seedlings for different PPFDs were calculated relative to the seedling's shoot dry mass. For both species, the seedlings cultivated under the lower intensities showed a higher assimilation rate on a shoot dry-mass basis (see Figure 13) . For Norway spruce, the light saturation point came earlier (at around 200 μmol m −2 s −1 ) than for Scots pine (at around 400 μmol m −2 s −1 ).
When positioned at 25 cm above the plants, the output of the LED lamps was able to cover a wide range of intensities over an area of 0.5 m 2 . When these intensities are maintained over a photoperiod of 16 h, the resulting DLI could be adequate for low-light crops (3-6 mol m ) (Torres and Lopez 2010) . At the highest combinations of intensity and photoperiod, the output of the LED lamps is close to the maximum DLI that could be expected inside a greenhouse in northern latitudes (Korczynski et al. 2002; Faust 2003; Poorter et al. 2016) (Figure 14) .
At the same light intensity, all the three LED lamps required less energy than the fluorescent lamps. The three LED lamps showed a very similar linear behavior for the power demand when the intensity was increased. At the highest intensity, there is a difference of approximately 15W between LED 1 and the other two. This difference translates into approximately 10 kWh more energy per growth cycle. 
Discussion
Regarding light quality, the species studied showed different responses with a better development in shoot height and diameter for Scots pine compared to Norway spruce. These results could be explained by the higher germination energy (after 7 days of sowing) and germination rate (after 21 days of sowing) for the seeds of Scots pine compared to Norway spruce. Also, Scots pine is known as a pioneer tree with a fast shoot and root growth rate during establishment under favorable light conditions (Oldeman 1990) . Under a short pre-cultivation period of 5 weeks, these circumstances could have been of importance for the results presented.
The trend was the same for both species with seedlings pre-cultivated under fluorescent light having lower shoot and root dry weight compared to LED light. Between the LED treatments there was a trend toward higher dry weights for LED 2 and 3 compared to LED 1 for both Norway spruce and Scots pine. This can be explained by the fact that LED 2 and 3 were both higher in red wavelengths compared to LED 1 and the fluorescent control light. The latter light sources were higher in blue wavelengths.
The results from measurements of shoot height and shoot diameter support the suggestion that LED lamps are an alternative to conventional light sources since seedlings precultivated under LEDs in this study performed in comparable ways. These findings are supported by other studies within this field of research (for example Mattsson et al. 2010; Apostol et al. 2015b; Riikonen et al. 2016; Smirnakou et al. 2017 ). In addition, LEDs can offer advantages such as potential reduction in energy consumption, low directional thermal output, adjustable light intensity and prolonged life span (Gerovac et al. 2016) .
Regarding the photon flux density produced by the different lamps, fluorescent light contained 31% blue waveband and 44% red-far red. For LED 1 these numbers were 21% and 36% respectively. LED 2 and LED 3 had much higher percentages in the red-far red waveband with 89% for LED 2 and 72% for LED 3. The percentages for the blue waveband were 8% and 12% respectively for LED 2 and LED 3.
Since stem elongation in woody plants is favored by redfar red wavelengths compared to blue wavelengths (Hoddinott and Scott 1996) this could be of importance for the higher dry weight accumulation of the LED 2 and LED 3 treatments. Also, the expansion of needles is increased under red light compared to blue (Apostol et al. 2015a ), which could have had an additional effect on the increase of dry weight accumulation for the LED 2 and LED 3 treatments.
The shoot dry weight included both stem and needle dry weight. Since the stems after 5 weeks of pre-cultivation were thin, it can be assumed that the needle dry weight was more important for the total shoot dry weight.
The root dry weight showed a trend for both species with higher values for LED treatments compared to the fluorescent control. These results can probably be explained by a better needle biomass development for the LED treatments, giving an increased photosynthetic capacity beneficial for root development.
A method for testing the vitality of a seedling is to measure its capacity for new root growth. The ability to increase the root system through elongation or through the formation of new roots is vital for a rapid absorption of water and minerals (Ritchie 1984) . This is especially important during field establishment after planting (Sutton 1980; Burdett et al. 1984; Feret and Kreh 1985; Burdett 1987; Mattsson 1991; Grossnickle and MacDonald 2018) . Therefore many methods for evaluating potential seedling root growth have also been developed (Stone and Jenkinson 1971; Burdett 1979; Ritchie and Dunlap 1980; Ritchie 1984; Burdett 1987; Sutton 1987; Johnsen et al. 1988; Rietveld and Tinus 1990) .
To evaluate seedling quality after pre-cultivation, and before transplanting to the final plant container for seedlings cultivated for the field trial all light treatments of the second sowing were subjected to a root growth capacity (RGC) test. RGC has been used as a performance metric for quality evaluation (McMinn 1980; Burdett 1983; Feret and Kreh 1985; McCreary and Duryea 1987; Ritchie and Tanaka 1990; Simpson 1990; Mattsson 1991) . The results showed a clear trend in differences between species. For Scots pine seedlings, the average RGC for the light treatments was about five times higher compared to Norway spruce. This confirms the difference in early field establishment between the species with Scots pine being a pioneer tree.
To explain the differences in RGC between different light treatments it could be of interest to look at the root volume correlated to the dry weight after pre-cultivation. From the results, comparing root dry weight after pre-cultivation using the RGC values, root dry weight after pre-cultivation was correlated to the RGC for both species. For Norway spruce the Pearson correlation coefficient was 0.74 and for Scots pine 0.84. These results indicate that a larger root volume has the potential to produce more roots compared to a smaller root system.
The field trial results showed minor differences in field performance regarding the different light treatments for the two species. This is in accordance with the study of Riikonen (2016) who reported that after transplanting and field planting, light quality during cultivation may be of less importance since all light treatments after 1 vegetation period in the field enabled seedlings of equal quality.
As for this and other studies, field stress under plant establishment and subsequent growth seems to level out quality differences in plants before planting. For example, Mattsson (1991) showed that RGC values for Norway spruce that varied up to four times at the time of planting did not affect differences in field establishment. Establishment success in the field could therefore be seen as the final expression of seedling quality (Mattsson 1997) .
Unlike many crops in horticulture, nursery cultivation of forest seedlings is just a very short part of the seedlings lifespan. Therefore more knowledge is needed to improve field establishment and also reduce transplanting stress when moving seedlings from greenhouses or growth chambers to full sun exposure in the nursery, especially due to the effects of solar UV-light (Kotilainen et al. 2008; Kotilainen 2010) . Also, although this study showed promising results for cultivation of tree seedlings under different LED light spectra, more research is needed to further develop the LED concept for cultivation of forest seedlings.
Compared to cultivation of forest seedlings, there are more examples in horticultural studies that also involve light intensity as a parameter, for example Potter et al. (1999) cultivation of forest seedlings under LEDs, this study also included light intensities where seedling morphology, root growth capacity, chlorophyll fluorescent, CO 2 assimilation and energy consumption were studied for LED PAR intensities of 50, 100, 200 and 400 µmol m −2 s −1 respectively.
Regarding shoot height, the results were the same for both species grown under different light treatments with shorter seedlings under high light intensity compared to seedlings grown under lower intensity. This morphological effect is due to the observation that seedlings grown under inadequate light conditions often develop elongated and water saturated stems (Chapman and Carter 1976) .
It was observed for both species that after the cultivation period fewer needles were developed on seedlings grown under lower light intensities. Also, needles for seedlings grown under higher light intensity (200 and 400 µmol m −2 s −1
) had a more yellowish color that was especially pronounced for seedlings grown under 400 µmol m −2 s −1
. Under relatively low light conditions needles are often not fully expanded (Chapman and Carter 1976) , although morphological adjustments to shade have been observed where the shoot and needle structure change, including an increase in needle area (Stenberg et al. 2001) .
Excessive light intensity can scorch the needles and reduce chlorophyll content (Edmond et al. 1978) . This can be an explanation for the yellowish color of needles for seedlings pre-cultivated under higher light intensities, although a yellow color could have other causes such a lack of nutrients. Young plants are also more sensible to radiation fluxes causing photo-inhibition that would usually not harm older plants.
Shoot dry weight increased with increasing light intensity for both tree species. A similar result was found for root dry weight for Scots pine. The differences in shoot dry weight could be explained by differences in needle development under inadequate light as explained before. In addition, and similar to other studies in the field of horticulture, higher light intensity promoted biomass production yielding compacter and heavier seedlings Gerovac et al. 2016) .
The increased biomass for seedlings grown under higher light intensity in this study had most likely a positive effect on the rate of photosynthesis and probably also affected the level of root dry weight with significant differences between PAR intensities for Scots pine seedlings. Although there were no statistically significant differences, the trend for Norway spruce was that low PAR intensities also negatively affected the dry weight of the roots.
RGC is an expression of the capacity of a seedling to increase the size of its root system at a particular time and in a controlled test environment. The increase of the root system is due to the elongation of roots already present and/or the initiation of new roots and their elongation (Mattsson 1986) . RGC thus combines root growth by elongation and initiation in the same measurement although these different processes mediated by different factors (Street 1969; Lavender and Hermann 1970; Larson 1975; Torrey 1976) .
For both species, there were no major differences among the 100, 200 and 400 µmol m −2 s −1 treatments regarding root growth capacity. RGC values for both Norway spruce and Scot pine seedlings grown under a light intensity of 50 µmol m −2 s −1 were lower compared to the other light treatments. This result is probably due to the lower rate of photosynthesis resulting from inadequate light conditions with a decrease in RGC as a consequence.
The correlations between root dry weight and RGC were in line with the results from the light quality measurements. That is, a higher root dry weight promoted RGC with a trend for higher values for increasing root dry weight. It can be assumed that a larger root system has a greater potential for the elongation of roots already present as well as for the initiation of new root tips and their elongation compared to a smaller root system.
Chlorophyll fluorescence has been suggested as a good estimator of seedling stress and possible performance in the field (L' Hirondelle et al. 2007) . In this study, it was possible to observe significant differences in the maximum quantum yield of the Photo System II (F v /F m ) of both species as the intensity of the light in which they were cultivated increased. The difference was more pronounced for the shade-tolerant Norway spruce where a significant decrease occurred for seedlings that had been growing at a PAR intensity already at 200 µmol m −2 s −1
. For Scots pine, the decrease in maximum quantum yield was only significant for seedlings grown at 400 µmol m −2 s −1 .
This could be interpreted as the seedlings having a stressed photosystem when cultivated under high light intensities. Nevertheless, it is important to point out that even if the differences are statistically significant, they are still within the range of what are considered healthy plants in a dark-adapted state (Maxwell and Johnson 2000; Murchie and Lawson 2013) .
A change in color was also observed in the seedlings, with lower PAR intensities producing greener needles. Relatively low light intensities are effective in promoting chlorophyll production. Shade leaves usually have a higher concentration of chlorophyll than the sun leaves (Pallardy 2010) . In addition, a PAR intensity of 400 µmol m −2 s −1 over a 16 h photoperiod is equivalent to a DLI of 23 mol m −2 d −1 which can be regarded as high light conditions (Faust 2003) . As stated earlier, young plants are more sensible to radiation fluxes than older plants so high PAR intensities could be causing photo inhibition.
In forestry, shade-tolerance has been defined as the capacity of a tree to grow and compete under low light conditions (Baker 1950 . This agrees with the fact that Norway spruce is considered a shade tolerant species which needs less light than Scots pine.
Seedlings that had been grown under lower PAR intensities showed a tendency for a higher CO 2 assimilation on a dry mass basis compared to those grown under higher PAR intensities. These results agree with the findings of other studies involving mass-based gas-exchange measurements of seedlings grown under different light conditions Root Growth Capacity -RGC (g) Figure 10 . Root Growth Capacity results of the second sowing (26th February 2015) for Norway spruce and Scots pine seedlings pre-cultivated under the LED 3 light treatment using different PAR intensities. Bars represent the means while error lines represent the standard error (n = 5). Due to a lack of replication no statistical testing was done for the RGC test. Chapman and Carter 1976; . Morphological adaptations to light will develop during shoot growth and can, according to Carter and Smith (1985) , include changes in needle size, needle distribution along the shoot, stomatal density, and biomass allocation. These adaptations seem to disperse the high-intensity light to the lower needles and avoid saturation (Leverenz and Hinckley 1990) . It is important to notice that, while biochemical adaptations such as chlorophyll content are reversible (Brooks et al. 1994) , morphological adaptations are permanent once the needles are formed regardless of changes in the light environment (Sprugel et al. 1996) . This is important to consider when assessing seedling quality based on morphological attributes.
As mentioned before, light intensity also has a significant impact on energy consumption. With the LED concept for precultivation presented in this study, it would be possible to run seven cultivation cycles in a Swedish forest nursery on a yeararound basis. Scaling up the example of the study to a theoretical multi-layered growth chamber for the production of 14 million seedlings, equal to a common yearly production level of a Swedish forest nursery, the cultivation area needed would be close to 575 m 2 to complete seven cycles with 2 million seedlings per cycle at the density of 3500 seedlings per m . As a comparison, using fluorescent lamps in the same growth chamber scenario would require approximately 2400 luminaires to reach the same light intensity at 25 cm below Norway spruce Figure 13 . Average light-response curves for the different PPFDs. The CO 2 assimilation rate was calculated relative to the seedling's shoot dry mass.
the lamps (100 µmol m −2 s −1 ). Accounting for the ballast losses, the energy required for one growth cycle would be close to 60 MWh and the yearly electricity cost for illumination would be around 120 000 SEK, more than double than using LED lamps and without having the possibility of adjusting the intensity. This simple example shows the techno-economical advantage of LED lamps compared to fluorescent lamps when taking into account only the light intensity and electricity consumption. A more thorough analysis should include also acquisition and replacement costs as well as lifetime of the luminaires. Such detailed investigations are not within the scope of this study but some examples already exist in the literature (Gan et al. 2013; Nelson and Bugbee 2014) .
Studies looking at effects of different LED light intensities when cultivating forest seedlings are rather limited. Although this study adds to the knowledge of different effects of LED PAR intensities, more studies are needed within this field of research to be able to develop the LED concept for cultivation of various tree species.
Conclusions
Light quality
. Seedlings pre-cultivated under LED light treatments had equal growth performance compared to cultivation under fluorescent light. This was true for both nursery and field growth.
. Considering that LED lamps can offer advantages such as potential reduction in energy consumption, low directional thermal output, adjustable light intensities and prolonged life span, LED lamps have the potential to become an alternative to conventional light sources for seedlings cultivation in forest nurseries.
Light intensity
. Regarding light intensity, the results show that a suitable PAR intensity for pre-cultivation of Norway spruce and Scots pine seedlings under LED light is between 100-200 µmol m −2 s −1 . . The energy consumption is linearly proportional to the light intensity for the LED lamps here studied. Therefore, based on this study, Norway spruce and Scots pine seedlings could be pre-cultivated closer to a PAR intensity of 100 µmol m −2 s −1 to lower the cost of energy.
Although this study has identified the potential for LED lamps to be used for the cultivation of forest seedlings, additional studies within this field of research are of great importance. Besides the effects of light quality and intensity on plant growth and development, the effect of photoperiod and temperature could be one important topic for future research. This topic is of crucial importance for tree nurseries using long term cold storage in their production strategy. Studies that involve tree seedlings grown under LED lamps using different photoperiods and temperatures to induce cold hardiness could therefore make additional contributions to our knowledge of how tree seedlings best perform under LED lamps.
